We have suggested in preliminary publications" 2 that the antidiuretic action of vasopressin in the mammalian kidney may depend on a sulfhydryl-disulfide interchange involving SH groups on the receptor and the S-S bridge of the hormone. Strong support for this concept is presented in the preceding paper' where it is shown that the vasopressin-induced increase in the permeability of a simple living membrane (the toad urinary bladder) depends on the availability of free and accessible SH groups on the membrane and where it is also shown that this action of vasopressin does not depend directly on the oxidative metabolism nor on the sodium transporting function of the membrane.
We have suggested in preliminary publications" 2 that the antidiuretic action of vasopressin in the mammalian kidney may depend on a sulfhydryl-disulfide interchange involving SH groups on the receptor and the S-S bridge of the hormone. Strong support for this concept is presented in the preceding paper' where it is shown that the vasopressin-induced increase in the permeability of a simple living membrane (the toad urinary bladder) depends on the availability of free and accessible SH groups on the membrane and where it is also shown that this action of vasopressin does not depend directly on the oxidative metabolism nor on the sodium transporting function of the membrane.
The present work, employing tritium-labeled arginine vasopressin, provides direct evidence for this concept, for it has been found that there is a close correlation between the formation of hormone-receptor disulfide bridges and the physiological action of vasopressin on membrane permeability.
Experimental Methods.-Highly purified arginine vasopressin was prepared from a partially purified Pitressin powder4 by ion exchange chromatography5 and then tritiated by exposure to H3 gas under electric discharge.6 Easily exchangeable tritium was removed by repeated solution and lyophilization from dilute acetic acid, following which the tritiated arginine vasopressin (H3AVP)l was separated from radiation degradation products by the same chromatographic procedures used originally to purify the natural hormone. This work is described in detail by Fong, Silver, Christman, and Schwartz.7 In addition to chromatographic and electrophoretic evidence for purity, rat antidiuretic assay and rat pressor assay showed biological activity of approximately 400 pressor units/mg, which is comparable to potencies that have been reported for highly purified preparations of natural arginine vasopressin.8'2 The specific radioactivity of the purified H3AVP was 426 Auc/mg.
The procedure used to measure the hormonal effect on the permeability of the bladder is described in the preceding paper.3 In our hands Pitressin, Pitocin, Syntocinon, 13 arginine vasopressin, H3-arginine vasopressin, lysine vasopressin and arginine vasotocin'4 all showed activity of the same relative potencies as reported by Sawyer. 15 Exposure of bladders to tritiated arginine vasopressin (H3AVP) was carried out in the same manner as experiments with unlabeled hormone or by a modified procedure in which the bladders were filled with Ringer's solution diluted 1:5, and then tied as balloons as they were slipped off a tapered glass tube. These "balloons" were then placed in an aerated bath of full-strength Ringer's solution. Hormone and/or sulfhydryl-binding reagents were added to the latter solution to give final concentrations in the bath as follows: H3AVP -2.5 X 10-8 M (ca. 0.025,ug/ml) (ca. 10 mg/ml); N-ethylmaleimide, 10-s to 10-5 M; p-chloromercuribenzoate, 10-3 to 10-5 M; methyl mercuric bromide, 10-i to 10-6 M. In most of the experiments in which sulfhydryl-binding reagents were used, the bladders were incubated in Ringer's solution containing these compounds for a period of 20 min and then exposed to H3AVP for 30 min. At the same time control bladders were incubated for 20 min in plain Ringer's solution and then exposed to H3AVP for 30 min. In all experiments involving H3AVP the bladders were removed from the bath, cut off below the tie to eliminate the possibility of measuring hormone which had entered the cells through the cut edges, and then placed either in ethanol or boiling water for 2 to 3 min to destroy enzymatic activity. In either case the ethanol or the water contained N-ethylmaleimide, 10-3 M, in order to inhibit thioldisulfide interchange reactions which might take place during the course of the denaturation of the bladder protein.
The bladders were then treated to remove adsorbed and/or electrovalently bound radioactivity, that is, hormone attached to tissue through ionic and hydrogen bonds. In the early experiments this was accomplished by electrodialysis for 48 hr followed in some instances by treatment with 8 M urea. Bladders were placed in viscose tubing which was tied at both ends and immersed in a large container filled with distilled water at 100C. Pt electrodes were placed in the container and a potential difference of 800 to 1,000 volts was maintained throughout the time of dialysis. The water was changed repeatedly. In later experiments, hormone attached to the bladder by noncovalent forces was removed by subjecting the tissue to a series of successive immersions (for 2-3 min with shaking) in 1.0 M NaCl, 0.15 M NaHCO3 (pH 8.5), and Na Acetate buffer (pH 4.0). Bladders subjected to this latter procedure showed the same level of residual tightly bound radioactivity as those given the more lengthy electrodialysis (Table 1 ). In some experiments bladders were given an additional wash in a solution of 8 M urea. This treatment caused no change in the level of residual radioactivity. After removal of adsorbed and/or electrovalently bound hormone, some of the bladders were subjected to conditions specific for the cleavage of disulfide bonds, that is, each bladder in this group was placed in a vial containing 3.0 ml of 0.1 M cysteine in 0.15 M NaHCO3 (pH 8.5). The remaining bladders served as controls. Each bladder in the control group was placed in 3.0 ml of 0.1 M glycine in 0.15 M NaHCO3. The vials were gassed with nitrogen, closed tightly with screw caps, and incubated in a water bath at 37°C with shaking for 8 hr. After incubation the bladders were removed from the vials and blotted on gauze. Each bladder was weighed to the nearest mg and placed in a low-potassium, low-background glass vial'6 containing 2.5 ml of a solution of Hyamine 10-X'7 in methanol, which dissolved the tissue. Solution of the tissue could be hastened by placing the closed vials in a water bath maintained at 40-45°C. When the bladders were completely dissolved, 12 ml of toluene containing 600 mg per cent diphenyloxazole (phosphor) and 10 mg per cent bis-phenyloxazolylbenzene (spectrum shifter) were added to each vial. The samples were chilled to -10C, and tritium activity was assayed in a Packard Tri-Carb liquid scintillation counter. Quenching due to Hyamine, methanol, and tissue was measured by addition of an internal standard (H3-Butanol) as described by Vaughan Binding of H3A VP to bladder tissue: Following labeling of the bladders by addition of H3AVP to the serosal bath, inactivation of enzymes with alcohol or heat and removal of loosely bound (adsorbed, salt-linked, hydrogen-bonded) label, significant amounts of radioactivity still remained associated with the bladder tissue ( Table 1) . From 50 to 80 per cent of this residual tightly bound radioactivity was removed by incubation of the bladders under mild conditions (0.1 M cysteine, pH 8.0-8.5) which reduce disulfide bonds but do not hydrolyze peptide bonds (Table 1 , Fig. 1A ). This indicates that the loss of radioactivity from the bladder occurred because an S-S bond between the bladder and the hormone had been split. When bladders were acted upon by tritiated vasopressin and then washed in fresh Ringer's solution several times during a 45-min period, the natural resting impermeability of the bladder wall was regained. When bound radioactivity was measured after this period of washing, no cysteine-releasable radioactivity could be demonstrated (Fig. 1B) .
Effect of SH-binding reagents: As noted in the preceding paper3 when N-ethylmaleimide (NEM), at a final concentration of 10-3 Molar, and other SH-binding reagents were added to the bath in which the bladders were immersed, the action of AVP on water permeability was completely inhibited (Table 2) , although a variety of nonthiol-binding metabolic inhibitors (dinitrophenol 10-3 M, Na fluoroacetate 10-2 Al, K cyanide 10-3 M, Na Fluoride 10-2 M, ouabain 10-4 M) did not block hormone action. It is noteworthy that in the experiments shown in Table 2 NEM itself produced a small increase in the permeability to water of the bladder wall, but this increase was not comparable qualitatively or quantitatively to that produced by the action of AVP or H3AVP on unblocked bladders. In parallel experiments in which bladders were pretreated with SH binding reagents before exposure to H3AVP, there was a striking reduction in the amount of radioactivity that remained attached to the bladder tissue after the procedures designed to remove noncovalently bound tritiated hormone (Fig. 2 ). This reduction in bladder labeling was referable primarily to the absence of the normally evident cysteine-releasable component and only slightly to a reduction of the component that was resistant to treatment with cysteine (Fig. 2) . These findings indicate that in all probability the labeled hormone could no longer form disulfide bridges with blocked SH groups on receptor elements of the bladder and, therefore, support the hypothesis that an accessible SH group on the target organ interacts with the hormone disulfide bridge as a necessary step in the physiological action of vasopressin. In one experiment the serosal surfaces of the bladders were treated with methyl mercuric bromide (CH3HgBr), 10-3 Molar, for 10 min, and then with cysteine, 10-1 Molar, for 10 min, before exposure to H3AVP. It was found that both the hormonal activity and the binding of hormone to bladders through disulfide linkage showed the same correlation as observed with bladders receiving no pretreatment prior to exposure to H3AVP. These data indicate that the binding of CH3HgBr by the receptor SH group can be reversed with the resultant regeneration of a physiologically responsive receptor site.
Effect of pH: Bentley'9 found that bubbling a gas mixture containing 5% CO2 -95% 02 through the serosal bath resulted in a fall in pH to 6.5. Although hormone action was almost completely inhibited under these circumstances, a systematic study of the relation of this inhibition to the pH of the bath was not reported. For this reason we carried out studies of the effect of graded changes in the pH of the serosal solution upon the physiological action as well as the binding of arginine vasopressin. It was found that when the serosal bath was kept at pH 7.0 or below, the hormone action was much less than at pH 7.4 (Fig. 3) . Parallel experiments showed that, when the action of H3AVP on membrane permeability was blocked by lowering of pH of the serosal bath, the disulfide-bound component was no longer demonstrable (Fig. 4) . These results constitute additional evidence that the physiological action of vasopressin involves a sulfhydryl-disulfide interchange since, in this reaction, it is the mercaptide ion that attacks the disulfide bond. At a pH of 7 or lower, the ionization of the sulfhydryl group is diminished and therefore conditions are unfavorable for the interchange reaction to proceed.
Binding of H3A VP in choline Ringer's solution: As noted previously3 when the bladder is immersed in choline Ringer's solution instead of sodium Ringer's solution, the response to a standard dose of AVP was decreased by 50 per cent. However, after exposure of bladders to H3AVP, the amount of cysteine-releasable as well as totally bound radioactivity proved 2.0 to be the same in either solution (Fig. 5) . Thus, the substitution of choline for so-E X X dium in the Ringer's solutions diminishes E 1.5 the effectiveness of AVP in some way / other than by altering the binding of hor- The conclusion that vasopressin is bound to its receptor through a disulfide bridge is based on the fact that treatment with thiols, in particular 1-cysteine, resulted in dissociation of labeled hormone from its attachment to bladder tissue. Splitting of disulfide bonds by thiols is a well established reaction which is fully described and documented in recent reviews by Cecil and McPhee2O and Boyer.2I The cleavage may occur by actual reduction of the original S-S bond, as in
R-S-S-R + 2R'SH R'-S-S-R' + 2RSH,
or by an exchange reaction with formation of a mixed disulfide, as in R-S--S-R + R'SH --R-S-SFR' + RSH, and, experimentally, several reductive and interchange components can be identified from the reaction mixture. At neutral and alkaline pH the reaction is initiated by the mercaptide ion. The important point is that the net result is the splitting of the original S-S bond.
Many reports of the thiol reduction of protein disulfides indicate that the mild conditions usually employed are specific in that disulfide bonds are cleaved without concomitant hydrolysis of peptide bonds.20' 21 Pechere, Dixon, Maybury, and Neurath,22 in particular, demonstrated the reliability and specificity of alkaline cysteine and alkaline thioglycollate as a general laboratory procedure for reduction of S-S bonds. Thus, there is considerable evidence to support our conclusion that the release of radioactivity from the cysteine-treated bladder is due to cleavage of an S-S bond between hormone and bladder.
The fact that treatment with cysteine does not release all of the bound radioactivity suggests that either some of the hormone-bladder disulfide bonds are buried and less accessible to attack as a result of the combination, or that some hormonal sulfur is associated with the bladder tissue other than through disulfide linkage. It is also possible that the cysteine-resistant component of bladder-bound radioactivity represents hormone linked to bladder through nonsulfur centers in the vasopressin molecule. Under normal conditions, the cysteine-releasable (i.e., the disulfide-linked) component of bound radioactivity is larger than the cysteine-resistant one; but when the physiological action of the hormone is terminated or blocked, the cysteinereleasable component is minimal or absent in every instance, whereas the cysteineresistant component is of a similar order of magnitude (Figs. 1, 2, and 4 ). This suggests strongly that the cysteine-resistant bound radioactivity is a result of hormone-bladder interactions that are without functional significance.
Of interest in the above context was the observation that, under proper conditions, the inhibitory effect of methyl mercuric bromide (CH3HgBr) upon both hormonal action and cysteine-releasable hormonal binding could be reversed by washing the CH3HgBr out of the bladder tissue with an excess of cysteine.
Little information is available concerning the nature of the processes by which the bladder regains its impermeability when the serosal bath containing hormone is replaced with fresh Ringer's fluid. It is possible that dissociation of hormone from receptor may be a simple reversal of the original combination or is effected by a disulfide reductase. 23 In either case definitive inactivation of hormone may then involve dimerization,24 formation of mercapto derivatives and attack by peptidases.25' 26 Alternatively, hormone removal may be initiated by intracellular mercaptides as suggested in the preceding paper, or other nonenzymatic reducing agents which may accumulate in the region of the receptor sites. Accordingly, it is of interest that addition of cysteine to the serosal bath (final concentration 0.01 to 0.1 M) increases the rate at which impermeability is re-established27 and, presumably, therefore, at which hormone is split off from the receptors. Probably the most convincing indication that there is reductive cleavage of hormone from receptor is the fact that disappearance of physiological activity is associated with disappearance of disulfide-bound radioactivity (Fig. 1) .
The hypothesis that a thiol-disulfide interchange involving receptor and hormone is concerned critically in the mechanism of action of vasopressin is consistent with the dramatic inhibition of hormone action observed when the pH of the serosal bath is lowered below 7. Work with simple systems28 has demonstrated that the nucleophilic attack of a mercaptide ion on an S-S bond will initiate a sulfhydryldisulfide exchange reaction. As the pH of the solution bathing the membrane drops below neutrality, receptor mercaptide is more strongly protonated and less able to react with the hormone S-S bridge. As detailed under Results and illustrated in Figures 3 and 4 , there is a striking parallelism between the inhibition of hormone action and the inhibition of hormone-receptor disulfide-bonding as the pH of the serosal bath is lowered.
If we are correct in hypothesizing that an exchange reaction between hormone S-S and receptor SH is required for the action of vasopressin on membrane permeability, this explains previous reports in the literature which indicate that the integrity of the S-S bridge of the posterior pituitary hormones is important for their biological action. Van Dyke, Chow, Greep, and Rothen29 in 1942 reported that reductive treatment with cysteine and thioglycollate caused 50 to 100 per cent loss, respectively, of the biological activity of their neurohypophyseal protein.
This finding has been confirmed both for Pitressin2i 26 and purified AVP.27 Earlier, Sealock and du Vigneaud30 had shown that reduction of Pitressin with cysteine (followed by benzylation to prevent reformation of the S-S bridge) resulted in complete inactivation of the hormone with regard to its pressor effects. Oxytocin also is inactivated by reduction, as shown by Audrain and Clauser. 1 These workers assayed the hormone under anaerobic conditions, thus preventing reoxidation and closure of the disulfide bridge without necessitating the additional alteration of the molecule ensuing from preparation of an aryl or alkyl derivative. Re-duction with cysteine caused profound inactivation, but on reoxidation approximately 90 per cent of the original activity was restored.
It has been tempting to speculate on how an SH, S-S interchange between hormone and receptor could increase the water permeability of the bladder. A number of models can be considered. For example the hormone, by interacting with SH and S-S groups of the receptor, may induce profound conformational changes in the protein of the diffusion barrier by disrupting critical disulfide crosslinking (Fig. 6 ) and thereby opening channels through which water, urea, and Na+ can move. The nature of the groups lining these channels could determine the selectivity of this passive process. Alternatively, a hormone-induced conformational change may modify an ordered water lattice around these structural proteins,32 i.e., melt the "ice" surrounding them, and thereby allow penetration of water and small molecules through this critical layer. Another possibility is that the hormone induces a separation of disulfide-linked fibrillar elements (Fig. 7) . This scheme does not require identity of the receptor element with the critical component of the diffusion barrier, since the hormone-receptor reaction might serve only to initiate a series or wave of SH, S-S interchanges which ultimately could reach and affect the diffusion barrier even if the latter were located a full cell-length from the receptor sites. Indeed, the far reaching effects of such a biological chain reaction are consistent with the finding that vasopressin acts on the bladder only when the hormone has access to the serosal surface, whereas the principal diffusion barrier of the bladder is at or on the mucosal surface.33' 3 it is noteworthy that wavelike reactions of SH, S-S interchange already have been implicated in a variety of major biological phenomena, e.g., in aspects of protein denaturation, blood clotting, and the structural changes ensuing during the mitotic cycle. 28
It is premature now to favor any one model or scheme, although it seems inescapable that, at the molecular level, the mechanism of action of vasopressin on membrane permeability involves a sulfhydryl-disulfide interaction. Summary.-Tritium-labeled arginine vasopressin has been prepared and found to retain the full activity of highly purified natural vasopressin in increasing the permeability to water of a living membrane (the toad bladder). Using this preparation it has been possible to study the conditions under which this hormone is bound and released from the bladder and the relation of these phenomena to its physiological action. The results indicate that not only the fixation of vasopressin to its receptor but also its physiological activity depend on the presence of an accessible SH group in the bladder tissue and on the formation of a hormone-receptor disulfide bond. To our knowledge this is the first identification of a physiologically significant chemical bond formed between a hormone and a target organ.
Reasons are given for suspecting that the formation of this bond, either per se or by initiating a wavelike reaction of sulfhydryl-disulfide interchange, may account for the action of vasopressin and other disulfide peptide hormones on the permeability of cell membranes.
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The sample of arginine vasotocin used in this study was made available to us through the generosity of Dr. Vincent du Vigneaud. t Investigator of the Health Research Council of New York City. T The following abbreviations are used: AVP, arginine vasopressin; LVP, lysine vasopressin; ADH, antidiuretic hormone, which is used synonymously with lysine or arginine vasopressin; AVT, arginine vasotocin; H3AVP, tritiatedar ginine vasopressin. The following trade names are RNA isolated from a wide variety of biological sources, extending from simple microorganisms to mammals, contains significant amounts of metals. Metals of the first transition series, especially, are bound so firmly to RNA that they are not readily removed by chelating agents which are known to bind these ions quite avidly.2 The functional significance of this observation has been uncertain.
The present studies demonstrate that metals in RNA maintain the secondary helical structure of the molecule through the formation of intramolecular bonds. The stabilization of the conformation of RNA by metals has been established through an examination of their effect on the characteristics of the phase-transition
